Aim: An improved understanding of the relationship between radial and axial rigdity values would enable better appreciation of the clinical usefulness of RigiScan TM , the most widely utilized determination of erectile rigidity testing. Previous studies have shown that axial rigidity (measured by buckling forces) correlated well with radial rigidity (measured by RigiScan TM ) for radial rigidity values below 60%. For radial rigidity exceeding 60%, there was poor correlation. Heretofore, there has been no physiologic explanation of this phenomenon. Methods: During dynamic pharmacocavernosometry in 36 impotent patients, we investigated the relationship between axial buckling forces and RigiScan TM radial rigidity and, for the ®rst time, how they both vary with pressure, (which we varied over over a wide functional range). In addition, we recorded multiple penile length and diameter values enabling us to relate, also for the ®rst time, axial and radial rigidity to individual mechanical erectile tissue and penile geometric properties. Results: Marked differences were found in the manner RigiScan TM radial rigidity units and axial buckling force magnitudes increased with increases in intracavernosal pressure values in each individual. The former asymptotically approached a maximum ®nite value while the latter increased continuously towards in®nity. Based on data in this study, RigiScan TM radial rigidity values greater than 55% may be considered a necessary criteria for vaginal intromission capability in all partners but it is not a suf®cient one. Conclusions: Axial and radial rigidity share a common dependency upon intracavernosal pressure, however, they are also dependent upon other unique physical determinants. For axial rigidity, additional dependent variables include cavernosal erectile tissue properties and penile geometry, while for radial rigidity, this may include tunical surface wall tension properties. Clinical devices which assess functional penile rigidity should utilize axial and not radial rigidity testing.
Introduction
In 1985, the RigiScan TM penile rigidity device was introduced as a diagnostic tool for patients with erectile dysfunction. 1 The RigiScan TM displays radial penile rigidity in arbitrary units by assessing radial penile deformation from a 10 ounce force applied circumferentially around the penile shaft. 2 The RigiScan TM device does not directly determine axial penile rigidity in a given individual. Axial rigidity, not radial penile deformation, is the physical parameter which best objectively de®nes the capability of the erect penis to resist deformation from vaginally-mediated compressive forces during vaginal intromission, and during pelvic thrusting following penetration, and thus be of suf®cient functional quality for satisfactory sexual intercourse. 3 ± 5 Axial rigidity is classically measured by the penile buckling force. This is de®ned as the magnitude of the axial compressive force applied to the glans of the penis which results in pronounced curving of the shaft, such that an additional small force would cause collapse (buckling). 4 The RigiScan TM is widely utilized clinically as it provides computerized, portable, continuous recordings of the numbers and magnitudes of penile radially-oriented deformationatumescence events during home nocturnal penile tumescence studies without sleep interference. 6 In spite of these characteristics, the use of the RigiScan TM in impotence diagnosis has questionable value assessing whether erections are of suf®cient quality for satisfactory sexual intercourse if the clinically relevant variable, axial penile rigidity, is not consistently predicted by RigiScan TM radial rigidity in a given individual.
In 1993, Allen et al 7 examined this relationship between radial and axial rigidity values in 13 impotent patients during nocturnal penile tumescence testing. Based on 25 total data points from the penile base, they concluded that for RigiScan TM radial rigidity values lower than 60% (6 data points), the two rigidity measurements correlated well with each other. However, for RigiScan TM radial rigidity values greater than 60% (19 data points), there was poor correlation. No physiologic explanations were provided to explain the discrepancy between axial and radial rigidity at high RigiScan TM values.
Recent advances have been made in the engineering analysis of axial penile rigidity determinants. 3 ± 5 Three factors have been found to directly in¯uence axial penile rigidity: intracavernosal pressure, penile tissue mechanical properties and penile geometry. 4 An analytic expression of theoretic axial penile rigidity in terms of its three determinants has been derived and a close correlation between theoretic and clinically measured axial buckling forces has been reported. 4 Based on the above engineering analysis, radial rigidity, the parameter measured by RigiScan TM , is not an accurate predictor of axial rigidity. 4 There is a paucity of research investigating the relationship between axial and radial rigidity in an individual, a clinically relevant issue since RigiScan TM use has been so prevalent as an objective discriminant of erectile rigidity. In light of recent advances mentioned above in the understanding of axial penile rigidity and its determinants, 3 ± 5 it was the aim of this study to re-examine the relationships between axial and radial rigidity in a large patient series with a view toward understanding the physiologic reasons for the difference between the two readings. The overall objective of this study was to compare in each patient, for the ®rst time, multiple RigiScan TM radial rigidity values with multiple measured axial penile buckling forces over wide ranges of functional intracavernosal pressures. In addition, an aim was to examine the differing effect that tunical and erectile tissue mechanical properties and penile geometry have on axial and radial rigidity. 3 ± 5 Our hope was to further the knowledge concerning the role of RigiScan TM radial rigidity testing in individual patients with erectile dysfunction.
Methods
A single institution prospective study design was selected. The study population consisted of patients with erectile dysfunction de®ned as having, for greater than six months, the consistent inability to obtain and maintain an erection of suf®cient quality for satisfactory sexual intercourse. 8 Each patient underwent diagnostic dynamic infusion pharmacocavernosometry and pharmacocavernosography to evaluate hemodynamic integrity as well as axial and radial rigidity over a wide range of intracavernosal pressures (0 ± 150 mmHg). 3 ± 5,9,10 Patients were excluded if the pharmacocavernosometry study was incomplete, if the patient had penile curvature precluding accurate axial buckling determination, if complete smooth muscle relaxation was unable to be achieved despite multiple repeat doses (up to 3 total doses) of intracavernosal vasoactive agents as determined by non-linear relationships between ow-to-maintain and intracavernosal pressure 9,10 or if erectile rigidity could not be generated or maintained despite saline pump infusion during the examination due to severe corporal veno-occlusive dysfunction.
Intracavernosal pressure (mmHg) was determined by direct cannulation of the corpus cavernosum with a 20 gauge angiocatheter. The catheter was ®lled with heparinized saline and connected to a pressure transducer (Figure 1 ). The change in intracavernosal pressure, DP, was de®ned as the increase of intracavernosal pressure above the individual's recorded¯accid state pressure (see the Appendix).
The RigiScan TM base loop with clean cotton cover was carefully applied around the lower third of the penile shaft. RigiScan TM radial rigidity values were recorded over multiple intracavernosal pressure values during pharmacologic and saline-infused penile erections. A radial rigidity of 100% represented no measurable radial displacement from the quanti®ed squeezing force (10 ounces) applied circumferentially around the penile shaft; for each 0.5 mm of loop shortening that was detected, the radial rigidity measure was reduced by 2.3%. 2, 6, 11 At 5 ± 10 mmHg intracavernosal pressure intervals, penile diameter (cm) was measured by paper ruler placed around the middle third of the penile shaft and pendulous penile length (cm) was recorded by a plastic ruler placed at the pubic bone to record distance from the pubis to the end of the glans. 3 ± 5 Pendulous penile volume was calculated using length and diameter measurements assuming a cylindrical model. 3 Axial buckling forces (see the Appendix) were determined in all patients by a technique previously reported. 4 At 5 ± 10 mmHg intracavernosal pressure intervals, the axial compressive force observed to cause curving of the penile shaft, such that a small Axial penile buckling forces vs Rigiscan radial rigidity D Udelson et al incremental force would lead to buckling, was determined to the nearest 0.1 kg. A standard kilogram weight scale with a wide protective cap was applied to the glans penis. Care was taken to apply the compressive force exactly parallel to the long axis of the erect penile shaft. A second observer was used to help con®rm that no buckling force measurements were made at an angle to the erect penile shaft. The downward force on the weight scale was slowly increased and held at the determined penile buckling force for 5 ± 10 s. As the erections were sustained by pharmacologic stimulation with or without saline infusion repeated buckling measurements were performed until consistency in the value was achieved (Figure 1 ). The penile tissue mechanical properties and the penile geometric factors which determine axial penile rigidity were individually calculated. Cavernosal expandability (see the Appendix), a measure of the overall ability of the corpora to expand to maximum volume at relatively low intracavernosal pressure, was calculated from the volume-pressure curve which gave the best least squares ®t to the theoretical volume-pressure equation. 3 Cavernosal expandability is a constant for each patient 3 and has been shown, in an animal model, to be related to the degree of cavernosal ®brosis. 12 Tunical distensibility (see the Appendix), the relative volume of the fully erect to the completely¯accid pendulous penis, was calculated. 3 Tunical distensibility is believed to be a measure of tunical elastic mechanical properties. Penile aspect ratio (see the Appendix), the diameter to length ratio of the pendulous penis, 3 was recorded as the average ratio over all measured intracavernosal pressures. In fact, variations in penile aspect ratio at various intracavernosal pressures have been found to be minimal, thereby leading to the assumption of a constant Axial penile buckling forces vs Rigiscan radial rigidity D Udelson et al value for each patient. 3 Flaccid penile diameter (see the Appendix) was recorded directly at the onset of the examination. Theoretical axial buckling forces were calculated using equations previously published from recorded or calculated variables including intracavernosal pressure, cavernosal expandability, tunical distensibility, penile aspect ratio and¯accid penile diameter. 3 ± 5 Statistical analysis Data are presented as mean AE standard deviation. Correlation coef®cients were calculated for the best ®tting curves.
Results
A total of 36 impotent patients met the inclusion and exclusion criteria and formed the study population. Table 1 describes the clinical characteristics of the study population. Table 2 illustrates the mean and range of hemodynamic and rigidity values obtained during repeat dosing dynamic pharmacocavernosometry. Such values are typical of a population of men with erectile dysfunction. 5,9 Table 3 illustrates data from six typical patients who represented a wide spectrum of axial buckling force magnitudes, beginning from the patient with the highest theoretical axial buckling force at DP 50 mmHg (patient SC) to the lowest (patient HM). Since axial buckling force and RigiScan TM radial rigidity magnitudes both varied with intracavernosal pressure, the magnitudes of these variables were arbitrarily selected at the same intracavernosal pressure difference, DP 50 mmHg. Pressure data are expressed as the intracavernosal pressure difference, that is, the pressure value increase above the¯accid intracavernosal pressure. The remaining four variables, cavernosal expandability, tunical distensibility, penile aspect ratio and accid penile diameter were calculated. 3 Figure 2 graphically represents data from the six typical patients. The ®gure includes measured (data points) and theoretical 3 (solid line) relative volume, measured (data points) and theoretical 4 (solid line) axial buckling and measured (data points), and calculated curve (solid line) RigiScan TM radial rigidity values, all plotted against DP. The RigiScan TM (solid line) was calculated by using an exponential type curve similar to that of the theoretical volume formula. 3 There was high agreement between measured and theoretically derived values for relative volume as well as axial buckling force plotted against DP, (Figure 2 ), as previously reported. 4 Furthermore, there was high agreement between measured and calculated RigiScan TM (solid line) using the adaptation of the theoretical volume formula. Axial penile buckling forces vs Rigiscan radial rigidity D Udelson et al Figure 2 Plots of volume ratio (VaV F ), axial buckling force (kg) and Rigiscan radial rigidity vs intracavernosal pressure increase DP of six typical individuals are presented in the order of`best' to`worst' theoretical axial buckling force values.
Axial penile buckling forces vs Rigiscan radial rigidity D Udelson et al
As depicted in Figure 2 , in each of the six individuals, RigiScan TM radial rigidity and axial buckling forces both increased with pressure. However, the increase with pressure was distinctly different for the two measurements. The axial buckling force had positive curvature and increased continuously towards in®nity constrained only by the tunica's ability not to rupture. The RigiScan TM radial rigidity had negative curvature and asymptotically approached a maximum ®nite value in a manner analagous to the way penile volume asymptotically approaches its erect value with pressure. That is, as DP increased in each individual, RigiScan TM became increasingly insensitive to pressure while axial buckling force became more sensitive to pressure. Figure 3 depicts the bar curves of theoretical axial buckling force, cavernosal expandability and RigiScan TM radial rigidity in the six typical patients. It was observed that patient SC, with the best theoretical buckling characteristics, also had the highest cavernosal expandability (X 0.082 mmHg 71 ), whereas patient HM, with the worst theoretical buckling characteristics had the lowest expandability (X 0.045 mmHg 71 ). In fact the values of cavernosal expandability in Figure 3 decreased continuously from patient SC to HM with the exception of patients NL and RL. As can be seen from Table 3 , and Figure 3 , patient NL, who had a higher buckling force than patient RL, was found to have a lower expandability value. This can be explained by noting that the values of penile aspect ratio and¯accid penile diameter were larger in patient NL than in patient RL, showing that axial buckling is also sensitive to penile geometric factors. 3 ± 5 RigiScan TM radial rigidity values were not observed to be sensitive either to penile tissue mechanical properties, such as cavernosal expandability or penile geometric properties, such as penile aspect ratio and¯accid penile diameter, factors which affect axial rigidity. 
Discussion
While the RigiScan device records radial rigidity in the effort to determine the quality of penile erections, there have been limited examinations of the relationship between axial and radial rigidity. More than a decade ago, Bradley et al 1 and Frohrib et al 11 both claimed that axial and radial penile rigidities were related. The Bradley et al article consisted of data from 11 normal and 11 impotent individuals who were examined during three concecutive nights of sleep laboratory examination. 1 It was claimed that`the validity of radial loading as a methodology for assessment of penile rigidity has been demonstrated by plotting axial buckling force (grams) measurements against maximum values of rigidity (radial, expressed as %) in the same patients. The plot of this data is linear and documents the validity of radial loading as a technique for assessing penile rigidity.' The referenced plot`validating' radial rigidity consisted only of eight data points with no explanation provided for methodology, subjects examined or missing rigidity measurement information. 1 The Frohrib et al 11 article consisted of seven impotent patients who were examined during dynamic pharmacocavernosometry. They did not report a linear relationship between axial and radial rigidity. Rather, the RigiScan TM rigidity function was found to be non-linear for axial buckling forces below 0.7 kg. It was reported that:`Circumferential (radial) rigidity and axial rigidity associate with corporal body pressure through a distinct functional relationship.' In the above publication, examination of the 29 simultaneous rigidity measurements, however, revealed wide variability in the individual patients. Patient #3, had 50% RigiScan TM radial rigidity at an axial buckling force of 0.6 kg. Increasing the axial buckling 2.5 times to 1.5 kg resulted in a lowered radial RigiScan TM value to 40% on one recording and the same RigiScan TM reading on another. Patient #4 had 3 RigiScan TM readings which also bore minimal relationship to the axial rigidity value. At axial buckling force magnitudes of 0.25 kg, 0.46 kg (almost double the baseline value) and 0.71 kg (2.8 times the original value) the Axial
RigiScan TM values were variable as 25, 35 and 30%, respectively. Patient #7 revealed that for a RigiScan TM reading of 42%, the axial buckling force was 0.76 kg. Increasing the axial buckling 2.4 times to 1.8 kg (one of the highest reported in the above study and one consistent with universal capability for vaginal penetration based on Karacan's criteria) resulted in a RigiScan TM value of 58%. 11 In summary, the above two frequently referenced publications 1, 11 examining the relationship between axial and radial rigidity exhibit, on one hand, methodological¯aws and, on the other hand, small patient numbers.
More modern publications examined the relationship between axial and radial rigidity values. In particular, Allen et al 7 compared axial buckling with RigiScan TM radial rigidity in 13 patients. They reported that when RigiScan TM radial rigidity units were in excess of 60%, RigiScan TM could not differentiate axial buckling forces between 0.45 and 0.90 kg. Therefore they concluded that a positive RigiScan TM needed to be interpreted cautiously and that the RigiScan TM might not be able to detect mild degrees of abnormal erectile dysfunction and may catagorize such patients as normal. No physiologic explanations were provided to explain the discrpancy between axial and radial rigidity at high RigiScan rigidity values.
It was the goal of this study to further examine the relationship between axial and radial rigidity, especially to record how each variable related to intracavernosal pressure. In contrast to other studies, our investigation, for the ®rst time, provided multiple data measurements in individual patients at numerous intervals of intracavernosal pressure during pharmacocavernosometric controlled conditions in a large patient series. The data included RigiScan TM radial rigidity determinations and axial buckling force with analytic information concerning penile tissue mechanical properties and penile geometry.
In our study, RigiScan TM radial rigidity failed to consistently predict axial buckling forces in the 36 patients. It was our observation that RigiScan TM radial rigidity and axial rigidity measured different physical parameters in a given individual. Axial rigidity values were shown to be dependent on the values of intracavernosal pressure, DP, cavernosal expandability, penile aspect ratio and¯accid penile diameter. The analytic expression of axial buckling force in terms of these parameters has been published. 4 To illustrate how axial rigidity is dependent upon such three factors, 4 we selected six subjects from the overall population who were found to have broad variation in axial rigidity, and therefore functional erectile quality, at an intracavernosal pressure difference, DP 50 (Figure 2 ). Axial rigidity values ranged from 0.4 kg (not capable of achieving intromission) to 2.3 kg (most capable of achieving intromission, according to Dr Karacan's criteria 13 ). In these six subjects, the values of cavernosal expandability, penile aspect ratio and¯accid penile diameter varied (Table 3, Figure 3 ).
In the six typical subjects, under the same conditions at an intracavernosal pressure 50 mmHg, there was no correlation between axial buckling forces and RigiScan TM radial rigidity (in larger populations of patients, a correlation does exist) (Figures 3 and 4) . In particular, for the patient HM with the lowest buckling force at 50 mmHg, the RigiScan TM radial rigidity was 74 units. For the patient SC with the highest buckling force at 50 mmHg, RigiScan TM radial rigidity was 69 units. To demonstrate an example of the inability of axial rigidity to be predicted by radial rigidity, we chose to further analyze patient HM. This individual, as described above, was found to have both the lowest measured axial rigidity (0.4 kg at DP 50) and the lowest theoretical axial rigidity (0.32 kg at DP 50 Ð poorest chance of vaginal penetration according to Karacan 13 ). Patient HM, at the same intracavernosal pressure difference DP 50, was found to have one of the highest RigiScan TM radial rigidity values (74 units). This radial rigidity value was consistent with vaginal penetration by most authors. 7,14,15 Therefore, for patient HM's erection at DP 50, he would be predicted to have both poor erection quality by axial buckling and excellent erection quality by RigiScan TM . The explanation for patient HM having low axial penile rigidity was consistent with patient HM having one of the lower values of the six typical patients in cavernosal expandability, penile aspect ratio, and¯accid penile diameter. 3 ± 5 In this study we hypothesized that patient HM had a high RigiScan TM radial rigidity value at an intracavernosal pressure DP 50 in part because the penile volume increase was relatively large at DP 50 (HM had the highest tunical distensibility of the six patients) resulting in a relatively large tunical stretching and wall tension (tunical distensibility has a negligible effect on axial buckling force 4 ). RigiScan TM units appear to be dependent, in part, upon intracavernosal volume and, in some fashion, re¯ective of the surface wall tension forces of the tunica albuginea. Such surface wall tension forces may provide the resistance to radial deformation by the squeezing force. RigiScan TM units, in a given individual, thus may be in¯uenced by factors which provide stretching forces to the tunical wall. These factors may include intracavernosal volume and tunica albuginea mechanical properties.
To further illustrate the physical differences between RigiScan TM radial rigidity measurements and axial buckling force measurements, we plotted each parameter compared to intracavernosal pressure differences (Figures 1 and 2) . The plot of RigiScan TM units with intracavernosal pressure difference, in a given individual, had negative One of our conclusions is that in an individual impotent patient, the RigiScan TM device is not a valid means of recording erection quality capable of discriminating erectile rigidity suf®cient for achieving vaginal penetration and repeated pelvic thrusting. The major explanation for this inability is that RigiScan TM radial rigidity and axial buckling record different physical parameters in an erection. RigiScan TM radial rigidity appears to re¯ect intracavernosal pressure and tunical mechanical properties; axial rigidity re¯ects intracavernosal pressure, erectile tissue mechanical properties and penile geometry. 3 ± 5 It is also our conclusion that in a large population of impotent men, a correlation exists between axial and radial rigidity. In other published studies reporting similar data, the correlation coef®cients between axial and radial (base) rigidity values were 0.59, 7 0.78, 11 0.66 15 and 0.70 16 with 25, 29, 59 and 18 data points, respectively. In our study population, with 161 data points representing more than 2.5 times the data points seen in the other studies, the correlation coef®cient was 0.58.
How is it that our study concluded, in an individual, axial penile rigidity was not predicted by RigiScan TM radial rigidity, yet, at the same time, in a large data base, our study (and others) concluded there was correlation between axial and radial rigidity? In a large population of patients, there is correlation between axial and radial rigidity most likely because both physical parameters increase with increasing intracavernosal pressure, albeit at different rates. During penile erection development, there is initial volume increase with minimal change in intracavernosal pressures (high compliance). Subsequently, the volume increase diminishes while intracavernosal pressures increase markedly (low compliance). In any given individual, however, radial and axial rigidity are developing based on different individual physical determinants, each sharing intracavernosal pressure as a common factor. Radial rigidity has been shown in our study to also re¯ect volume increase and tunical mechanical properties. Axial rigidity, on the other hand, has been shown to be relatively independent of tunical mechanical properties properties. 4 Axial rigidity has been shown to also re¯ect erectile tissue mechanical properties and penile geometry. 4 When intracavernosal pressure elevates during erection, radial rigidity (and volume) begins to maximize, while axial penile rigidity values are just beginning to develop. This fact makes the RigiScan TM device relatively insensitive at intracavernosal pressure values where axial loading values are most sensitive.
In our study (Figure 4) , there were no patients in the group with axial buckling values greater than 1.5 kg who had RigiScan TM values less than 55%. However, in the group where axial buckling exceeded 1.5 kg, the RigiScan TM values varied widely from 55 ± 98% and in the group where axial buckling was less than 0.5 kg, the RigiScan TM values again varied widely from 36 ± 84%. Therefore, in an individual, a RigiScan TM value of 55% appears to be a necessary condition for axial rigidity capable for vaginal intromission in all partners, but it is not a suf®cient one. False positive RigiScan TM data were also found in our study for radial rigidity units of 70%, a value commonly held as consistent with erectile potency. 14 In our study, no false positive radial rigidity data were found for RigiScan TM radial rigidity exceeding 88%.
Conclusions
In summary, the relationship between axial penile rigidity and RigiScan TM radial rigidity was examined, for the ®rst time, as a function of intracavernosal pressure. We found that as intracavernosal pressures increased during erection, axial and radial rigidity values increased at different rates. This is because the two rigidity values are dependent upon different mechanical and geometric factors. Radial rigidity values vary with tunical surface wall tension forces; RigiScan TM radial deformation values reaches a maximum ®nite value and become insensitive with increasing intracavernosal pressures. In contrast, axial rigidity values are dependent upon erectile tissue mechanical properties and penile geometry. With increasing intracavernosal pressures, axial rigidity values increase towards in®nity and become more sensitive.
We and others have found a correlation between axial buckling forces and RigiScan TM radial rigidity in a population of impotent men. This is most likely due to the strong dependency of both axial and radial rigidity values with increasing intracavernosal pressure. However, in an individual, the axial buckling measurement was not predicted by the RigiScan TM radial deformation measurement. Any correct prediction by RigiScan TM of axial rigidity and thus the ability of the erect penis to achieve functional intromission and repeated pelvic thrusting is considered to be chancy. Thus, in a population of patients, based on our data, there would be more correct guesses than incorrect guesses that radial rigidity could predict functional erectile
In an individual, however, the ability of RigiScan TM to predict axial buckling forces is consistent with a roll of the dice with perhaps a somewhat better than even chance of being correct.
Improved diagnostic assessment of erection quality should be based on devices that either record or predict axial buckling forces and not radial surface wall tension forces. Urologists and device manufacturers need to design user-friendly equipment which allows penile erection quality to be recorded conveniently in terms of axial penile rigidity since this parameter best predicts successful penile penetration and functional intercourse. Semi-erect state: This is de®ned as the condition when the cavernosal volume is one-half the erect volume. This state is chosen to de®ne the expandability because in the vicinity of the erect state, penile expansion is contrained primarily by the tunica albuginea.
Editorial Comment
This group of investigators have made many important contributions to the ®eld of erectile dysfunction. Yet, the methods and formula relied upon in this particular study which are used to derive many of the conclusions in this article have not been validated or evaluated by other investigators. In fact, the biophysics of thin walled, elastic and expandable structures such as the penis has not been well developed.
The critical issue for urologists is the measure of erectile capacityarigidity which is suf®cient for intromission. As of yet, it is unclear which surrogate measure of erection is the most accurate one. Axial rigidity was employed initially, but was by necessity done in an unnatural setting (namely, the sleep laboratory) and would often awaken the subject, thereby potentially compromising accurate measurement. Radial rigidity measurement followed in the form of nocturnal penile tumescence and rigidity monitoring (NPTR). Studies con®rmed the relationship between radial compressibility (percent rigidity), intracorporal pressure (cm of H 2 O), and axial buckling force (Newton's). 1 Further modi®ca-tions and investigations of NPTR monitoring have resulted in improvements in utilizing the data obtained from the RigiScan including the development of rigidity activity units (RAU) and tumescence activity units (TAU) which can be used with à nomogram' to compare the results of one's patients' nocturnal activity (with ED) to that of a controlled population (without ED). 2 Measurements of tunical wall pressure, possibly indirectly measured by intracorporal pressure, may best re¯ect penile rigidity and capacity for intromission. Although sheer forces on the erect penis at intromission and penetration may also need to be considered. Clearly, further investigation is needed.
As I understand buckling, where there is an increasing axial force applied to a thin walled, pressurized, cylindrical vessel, this ultimately produces localized collapse of the vessel wall. This occurs when the radially directed wall force exceeds the inner vessel pressure on that wall segment. Thus, the method for measuring penile rigidity by determining its ability to resist a radial compressing force is related to the organ's ability to withstand an axial load. The mathematical relationship between axial load and localized wall collapse is as yet undetermined, but does not detract from the NPTR measurement methods' usefulness as a clinical indicator of an individual's achievable rigidity to other individuals with and without erectile dif®culties.
As it has been pointed out in this article, no attempt has been made to make radial rigidity measurement (obtained with the RigiScan) linear with respect to increasing rigidity or to expand the measurable range of rigidity to higher (supraclinical) values. In fact, the primary goal is to be able to measure adequate rigidity for intromission which the penis needs to accomplish intromission. In fact, if axial pressures and radial pressures are not related in a linear fashion beyond the level of adequate rigidity for intromission, it likely has no useful clinical signi®cance and would be a scienti®cally arguable but irrelevant point. It should also be noted that the upper limit of radial compression pressure developed by the RigiScan device was determined empirically by applying progressively higher cable tug forces until the subject could no longer tolerate the compressing force without pain or possible tissue damage. Therefore, the empirically derived ten ounce cable tug force currently used provided the clinically useful operating range of the RigiScan rigidity system.
Practically speaking then, we may ultimately be able to determine penile erectile capacity by measuring some surrogate parameter of the penis in the erect state. The goal of this procedure is to determine how that individual's erection compares to the pressure necessary to accomplish intromission with his partner. Certainly, no accepted measures of this`intromission pressure' have been accepted. There are clearly many factors which will make intromissibility vary, including vaginal size, lubrication and partner receptivity. 3 For the patient or research subject the RigiScan device does appear to provide an acceptable tool for the physician or investigator to obtain some insight into nocturnal erectile activity and the subject's real-time response to investigational drugs.
The RigiScan system is a useful and possibly the best testing tool available today to discriminate between organic and psychogenic erectile dysfunction and should not be discarded. Yet, as we learn more about the biophysics of the penis,¯accid and erect, we will be better able to measure rigidity and other clinically useful parameters as well. Until that time, NPTR monitoring will help the practitioner in the evaluation of their patient.
Laurence A Levine Furthermore, axial buckling force measurements fail to record the ability of an individual to maintain an erection, another key parameter in assessing erectile capability. This renders them of dubious clinical value to practitioners evaluating or treating erectile disorders.
As the authors cited, previous investigators have con®rmed the interpretation guidelines originally established for radial stiffness (rigidity) values as measured by the RigiScan system; namely, (a) a radial stiffness less than 30 ± 40% corresponded to an erection inadequate for vaginal intromission, (b) above 60 ± 70%, the penis becomes unbuckleable, and (c) the middle values provided enough rigidity so that vaginal intromission could be achieved with assistance. All clinicians have stressed the importance of interpreting the rigidity and tumescence data, whether acquired nocturnally or in response to other stimuli, in the context of the subject's health pro®le and not as the sole determinant of that individual's erectile capability.
Study design and practicality of methods
Patients were excluded from the study``If the pharmacocavernosometry study was incomplete, if the patient had penile curvature precluding accurate axial buckling determination, if complete smooth muscle relaxation was unable to be achieved F F F or if erectile rigidity could not be generated or maintained despite F F F No mention is made of the numbers of patients who were excluded from the study nor is the etiology of any of the included or excluded patients described. Thus, to what subset of patients with erectile dysfunction do these measurements apply? Additionally, the criteria constituting`a ccurate axial buckling measurement'' are not disclosed. Would the penile curvature have prevented these excluded subjects from having satisfactory intercourse? The RigiScan system can be applied to these patients as well as to any of the others excluded from this study.
Dynamic infusion studies to produce penile erections combined with axial buckling force measurements are unreliable, invasive and operator dependent, greatly limiting their practicality and reproducibility. This was con®rmed in this report by the number (unreported) of excluded patients and with the requirement that a second observer be present during the measurement to assure that the load is applied parallel to the long axis of the penile shaft. RigiScan rigidity and tumescence studies can be conducted reliably, reproducibly and untended.
Repeated buckling measurements were performed in the study until consistency in the measured value was achieved. This further demonstrates the operator dependence and impractical nature of this measurement method.
No report of infusion rate was given. This would seem to be quite important in examining the ability of a thin-walled, pressurized, leaky vessel to resist buckling, and even more important when using the pressurized vessel as a controlled, characterizable model to compare two methods of assessing buckling resistance. The literature on the biomechanics of non-leaking, thin-walled structures is sparse; on leaky structures, non-existent.
Support for the authors' assertion that the sensitivity of axial rigidity to penile geometric properties such as¯accid diameter and penile aspect ratio were based on observations from two of the subjects. The small data spread in these two Axial penile buckling forces vs Rigiscan radial rigidity D Udelson et al patients makes this assertion questionable. Nevertheless, radial rigidity values obtained from the RigiScan system were as sensitive as axial rigidity values to these two properties, contrary to the authors' interpretation. This study reports the results of axial buckling force measurements versus RigiScan base loop radial rigidity for arti®cially induced erections using saline infusion. Saline infusion hydrostatically delivers an equally distributed pressure throughout the corporal bodies. Uniform distribution of corporal pressure in penile erections is at variance with clinical case reports that frequently exhibit differing base and tip rigidities, again calling into question the validity of the experimental model used by this investigative team. Furthermore, buckling of thinwalled, pressurized vessels occurs by localized collapse of the vessel wall (assuming the opposite wall does not rupture) when the radially directed wall force exceeds the inner vessel pressure on that wall segment. The RigiScan system measures this phenomenon at the base and tip of the penis; axial buckling force measurements, when they can be applied, give no indication of location of penile buckling which could be useful in assessing penile shaft abnormalities.
The authors draw out attention to the extreme sensitivity of axial buckling loads to increases in intracavernosal pressure relative to radial rigidity values, particularly at the higher pressure values. Above a 1.5 kg axial load (Karacan's criterion) the individual has an erection satisfactory for intercourse, and increases in rigidity beyond this are cause for male bravado with little or no known diagnostic signi®cance. Similarly, for radial rigidity above 60 ± 70%, an individual had an unbuckleable penis and the sensitivity to increases in intracavernosal pressure is of unknown clinical value.
Conclusion and recommendation
This paper is very misleading to readers in that it attempts to discredit a very useful clinical tool by questioning its linearity (not its accuracy, or reliability, or usefulness) in a measurement range of unknown clinical signi®cance. Until a reasonable hypothesis for the signi®cance of intracorporal pressures above those required to achieve an unbuckleable erection is established, subjecting patients to the invasive application of supra-normal and potentially harmful infusion pressures is of questionable merit.
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